Objective: To assess whether free-living and/or biofilm bacteria are present in the putative sterile middle ear cavity before insertion of the electrode array during cochlear implantation.
T HE DEVELOPMENT OF INFECtious complications after cochlear implantation is rare, with an incidence of 1% to 4%. 1 However, when infections do occur they may be intractable and difficult to eradicate with antibiotics. 2 Sometimes, they may even be fatal. 3 Cochlear implants (CIs) may be exposed to bacteria not only at surgery but also thereafter via the route from middle ear to inner ear or by hematogenic dissemination. Both routes of infection have been investigated in animal studies. 4, 5 Therefore, infectious disorders (including acute otitis media [OM] , chronic OM, and wound infections) combined with inefficient sealing of the cochleostomy after implantation 6 theoretically carry a risk of meningitis because of the possibility of intracranial spread along the intracochlear electrode toward the meninges. 7 Because OM is the most common bacterial infection during childhood, children are especially at risk. Most common microorganisms in post-CI meningitis are Streptococcus pneumoniae and Haemophilus influenzae. 3 These bacteria are also the most prominent in OM. Because it is known that OM may be a biofilm disease, [8] [9] [10] special care should be taken to prevent perioperative infection.
Biofilm formation represents a protected mode of growth that allows microbes to survive in a hostile environment. Biofilms can be characterized as complex communities of sessile microorganisms embedded in a self-produced matrix, adhered to a foreign body, eg, a mucosal surface. They are difficult to eradicate owing to their resistance to immunologic defense mechanisms and antibiotics, resulting in persistent infections. They may also act as a nidus for recurrrent infections through the release of planktonic bacteria. Direct evidence for the hypothesis that OM may be a biofilm disease was provided by the demonstration of characteristic matrix-enclosed adherent clusters of bacteria on the middle ear mucosa of children with chronic OM who had not responded to multiple courses of antibiot-ics. 10 When bacteria gain access to the tympanic cavity via the eustachian tube and adhere to the mucosal lining, a cascade of events will be initiated, finally leading to a biofilm. [11] [12] [13] In the middle ear cavity, there may be several areas with biofilm, 8 without provoking any symptoms, as a biofilm itself is not necessarily highly pathogenic. However, if biofilms are present at cochlear implantation, it is conceivable that bacteria may inadvertently be introduced into the cochlea through insertion of the electrode array. Also, they may enter the cochlea after surgery through an inefficiently sealed cochleostomy, leading to infectious complications.
This study was initiated to determine whether freeliving bacteria and/or biofilm bacteria are present in the middle ear cavity at the site of the cochleostomy before insertion of the electrode array. Healthy children (with or without a history of OM) receiving a CI device were selected for participation.
METHODS

PATIENTS
For this study, institutional approval was obtained from the Committee on Research Involving Human Subjects of Nijmegen, the Netherlands. Specimens of the middle ear mucosa were obtained from 45 children who were undergoing cochlear implantation. The mixed population included children without a history of OM as well as those with a history of ventilation tubes, OM with effusion, or 1 or more episodes of acute OM before referral. It should be emphasized, however, that a cochlear device was implanted in the children only when no clinical signs of OM were present; ie, when the tympanic cavity was aerated and the tympanic membrane was thin and translucent.
ACQUISITION AND PREPARATION OF SPECIMENS
One of the procedures to detect biofilm infections is the direct examination of tissue in search of bacteria in matrix-enclosed clusters attached to a surface. 14 However, because inspection of the middle ear mucosa in vivo is impossible, 1 mucosal biopsy specimen per patient was obtained from the site of the cochleostomy during surgery. Tissue samples of middle ear mucosa (approximately 1 mm 2 ) were obtained from the promontory, just anterior to the round window niche, with sterile, not yet used instruments and directly transferred to Karnovsky fixative (a mix of 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1M phosphate buffer). Postfixation was performed with osmium tetroxide (1%) in phosphate buffer (pH, 7.3).
SCANNING ELECTRON MICROSCOPY AND TRANSMISSION ELECTRON MICROSCOPY
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used as imaging tools to detect the presence of free-living bacteria and/or biofilm bacteria in the biopsy specimens. At random, the specimens were either used for TEM or for SEM. For TEM, dehydrated specimens were embedded in epoxy resin and then sectioned. Ultrathin sections were stained with uranyl acetate and lead citrate and examined with a transmission electron microscope ( Jeol 1010; Jeol Ltd, Akishima, Japan). Samples for SEM were dehydrated in a series of upgrading ethanol concentrations, up to 100%. After critical-point drying in carbon dioxide, the specimens were mounted on stubs and sputter coated with gold before examination with a scanning electron microscope ( Jeol 6310) operating at 15 kV. Multiple areas of each mucosal sample were checked thoroughly for the presence of biofilm and/or freeliving bacteria. Examination of the specimens was performed blinded; ie, the observer did not know the clinical background (whether or not otitis prone) of the patients.
RESULTS
CLINICAL DATA
Twenty-seven patients (60%) appeared to be free of infectious middle ear diseases (Table) . Negative middle ear pressures had previously been documented in 8 of the 27 patients, while infectious middle ear problems appeared to be absent. Three months before surgery, a deviant tympanic membrane was observed at otoscopy in 2 of these patients. Also, 6 patients had a flat tympanogram. Despite these deviations, an association with a history of OM with effusion or acute OM could not be demonstrated. A history of OM with effusion or acute OM was recorded in the medical files of 18 patients (40%) (with or without ventilation tubes).
SURGICAL DATA
Although cochlear implantation was performed only when no clinical signs of OM were present, several middle ear mucosae (24%) appeared to be "inflamed" at the time of surgery, as they were found to be erythematous and/or edematous. In the rest of the patients, the middle ear mucosa appeared to be clinically normal.
TRANSMISSION ELECTRON MICROSCOPY
The unaltered epithelial areas of the middle ear mucosa were composed of both ciliated and nonciliated, cuboidal or columnar, and secretory cells. However, in addition to a normal epithelial lining, 18 specimens (40%) also displayed inflammatory mucosal areas characterized by edematous epithelium and/or the presence of infiltrating leukocytes ( Figure 1A) and/or increased vascularization. Moreover, some epithelial cells showed clustering or clumping of cilia, while epithelial cysts ( Figure 1C) were also observed in a few biopsy specimens. Ciliated areas of almost all TEM specimens were devoid of mucus. Only sparse mucous fragments were detected. Single bacteria ( Figure 1B) were evident on the mucosal epithelial surface in many specimens; however, none of the specimens showed ultrastructural evidence of a biofilm.
SCANNING ELECTRON MICROSCOPY
Some tissue samples that were used for SEM were completely covered by a layer of mucus, preventing assessment of bacterial presence on the mucosa. These tissue blocks were not included in the Table. Parts of all biopsy specimens showed denuded ciliated cells (ie, they had no layer of mucus). Simple columnar or cuboidal epithelium with cilia and microvilli was observed. Areas of cuboidal epithelium with a "cobblestone" appearance were also sometimes visible owing to widened intercellular spaces as well as to different shapes and sizes of the apical surfaces. Ciliated cells demonstrated normal intact cilia, and there were some cells with disarrayed cilia (Figure 2B) . Areas with flat, squamous epithelium were also evident.
On rare occasions (8.9%), fragments of a biofilm (Figure 2A ), characterized by bacteria in matrixenclosed adherent clusters, were evident; however, in most of the specimens from children without OM, nonmatrixenclosed bacteria were observed, either singly ( Figure 2C ) or in small clusters, scattered over the middle ear epithelium. Twenty-four biopsy specimens (53%) (SEM and TEM) were found to be contaminated by single bacteria. Predominantly cocci, and only occasionally single, rod-shaped microbes, were seen. These bacteria were assumed to be H influenzae, S pneumoniae, or Moraxella catarrhalis, as these are the major pathogens of the middle ear. 15 However, exact identification of bacterial strains 
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Abbreviations: AOM, acute otitis media; BF, biofilm remnant; DTM, deviant tympanic membrane; FT, flat tympanogram; N, normal appearance; NMP, negative middle ear pressure; OME, OM with effusion; SEM, scanning electron microscopy; TEM, transmission electron microscopy; -, no; ϩ, yes.
by SEM was impossible because all of the strains involved encapsulated cocci of overlapping diameter. Bacterial typing using other techniques was not applicable as the biopsy specimens were too small.
COMMENT
Our findings demonstrate that biofilm fragments may sometimes be present in the middle ear cavity at the site of the cochleostomy in children with or without a history of OM. Also, in both groups, nonmatrix-enclosed single bacteria were observed at the epithelial surface of the mucosal lining in this location. Overall, 28 biopsy specimens (62%) were contaminated with either single bacteria or biofilm fragments. Also, "inflamed" mucosae were found at surgery not only in children with a history of OM (in whom OM had completely clinically resolved) but also in children without a history of OM. These findings are in agreement with those of Luntz et al. 16 Our study provides evidence for the presence of both free-living bacteria and biofilm bacteria in the tympanic cavity of clinically healthy individuals. These findings, which do not agree with the general premise that a normal middle ear cavity is always sterile, 17, 18 are remarkable, especially because even more bacteria may have been present in the tympanic cavity but may have remained undetected because they were located at unscreened sections elsewhere in the middle ear cavity. After all, only 1 very small biopsy specimen of the lining of the promontory was screened in each case, while the major part of the middle ear was not studied. Also, it should be noted that partial loss of the mucous layer was observed in almost all specimens, which differs from the in vivo situation. 19 Loss of mucous substances, including potentially present biofilm structures, may occur during tissue preparation, as both middle ear mucus and the slimelike matrix of a biofilm are primarily composed of polysaccharides for which no optimal fixative is available as yet, to our knowledge. 20 As a result of suboptimal tissue fixation, a significant fraction of mucous layer and/or biofilm may be washed away in the subsequent liquid steps. 21 Our findings in normal human middle ears seem to be unique, as evidence of cocci adhering to normal middle ear mucosa was previously only established by Dohar et al. 22 Their observations in monkeys are in line with the results of our human study. Although, to our knowledge, such findings have not been reported before, it nevertheless seems unlikely that the presence of bacteria in the tympanic cavity of clinically healthy individuals is an exceptional phenomenon, as this region is connected to the nasopharynx, which is colonized by bacteria in individuals with OM as well as in healthy persons. 23 Under certain circumstances, eg, subsequent to negative middle ear pressure, these nasopharyngeal bacteria can enter the tympanic cavity via the eustachian tube. 24, 25 Negative middle ear pressures often develop after blockage of the eustachian tube as a result not only of allergies, pollutants, and viruses, for example, 26 but also of sniffing. 27 Equilibration of the pressure differences between the middle ear and the nasopharynx is achieved when the eustachian tube reopens. Because air flows toward the middle ear on opening, colonizing nasopharyngeal pathogens may be insufflated into the tympanic cavity. 24 Because negative middle ear pressures may occur in normal individuals as well as in persons with (developing) OM, 28 it seems likely that almost all individuals will occasionally have to deal with transitory periods of negative middle ear pressure and subsequent pressure equilibrations. Therefore, transfer of bacteria from the nasopharynx to the tympanic cavity will occur not only in persons with middle ear diseases but also in healthy individuals. Furthermore, a preliminary study by Winther et al 29 showed that radiopaque contrast medium introduced into the nasopharynx of healthy adults was displaced from the nasopharynx into the middle ear cavity during yawning and/or swallowing. These observations suggest that displacement of bacteria (present in nasopharyngeal secretions) to the middle ear may be a more frequent occurrence than anticipated from earlier reports. Apparently, in healthy individuals, this displacement does not provoke clinical symptoms because the middle ear is protected against invaders by the mucociliary system, by antimicrobial molecules of the innate immunity, and by the adaptive immune system. 19, 30 Despite these defense systems, attachment of bacteria on the middle ear mucosa can occur, implying that under certain conditions microorganisms are able to evade the mucociliary system and overcome local immune mechanisms (eg, secretory IgA and antimicrobial molecules). To gain access to the mucosal surface, several microbial strategies, such as paralysis of ciliary movement and inactivation of IgA, have evolved. Furthermore, bacteria deploy an array of adhesive molecules that recognize mucosal host cell receptors and facilitate the interaction with, and adhesion to, the epithelial surface. 31 In fact, surface determinants of both bacterium and host are involved in adherence, which may be followed by colonization and/or biofilm formation.
Although it is assumed that the bacteria that were found on tympanic epithelia in the present study originated from the nasopharynx, in theory their origin may also have been the skin flora (eg, corynebacteria), as bacteria from the skin flora may have been introduced into the middle ear inadvertently during opening of the mastoid bone during surgery. However, the latter route of infection seems most unlikely because sterilized instruments are used in a disinfected surgical area.
In conclusion, the detection of free-living bacteria as well as biofilm bacteria (although infrequently) in the middle ear cavity in the majority of healthy children was the most important observation of our study. The presence of bacteria in the tympanic cavity before cochlear implantation may provide an explanation for the development of infectious complications such as postimplantation meningitis and persistent CI infection. 32, 33 On the other hand, the presence of small amounts of microbes in the tympanic cavity does not unequivocally result in inflammatory complications, as the middle ears of healthy persons are protected against middle ear invaders by the mucociliary system as well as by the innate and adaptive immune system. However, immaturity (young children) and aging (elderly) of the immune system or dysfunction of either of the defense mechanisms may be a risk factor for the development of infectious complications.
At present, the exact incidence of biofilms in the middle ear cavity in clinically healthy children is unknown. It will be difficult to assess this incidence, especially because biofilm formation may arise from different locations on the mucosal lining, 21 implying that the presence of 1 or more small biofilm fragments in the tympanic cavity may easily be overlooked. However, a noncontinuous biofilm may also be advantageous because the chance that a CI actually will become contaminated by one of these fragments during insertion of the electrode array is very small, thus accounting for the relatively low incidence of infectious complications after implantation. 
